By means of a low-pressure-plasma spraying method, silicon-based material films have been prepared on the substrates with and without water-cooling and with various hydrogen gas flow rates in a mixtured gas plas ma. The relationship between the physical properties of the films and the growth conditions has been investi gated by an X-ray diffraction analysis, a Raman scatter ing spectroscopy, and an electric conductivity measure ment. It was found that the films were almost porous polycrystalline silicon, and contained a slight amount of smaller microcrystalline silicon. The size of the microcrystalline silicon slightly decreased with in creasing the hydrogen gas flow rate, and in the case of the water-cooled substrate. The existence of a small amount of amorphous region was also suggested at higher hydrogen gas flow rate. Furthermore, the change in the electric conductivity was observed, which was related to the structural changes.
Introduction
Recently, much attention has been paid to ano dized porous silicon films, since a red-color emission from the porous silicon was reported.) Silicon (Si) was not considered to be suitable for optical devices, because of its indirect energy band structure. Never theless, one of the authors (S. F.) has been already succeeded in fabricating the wide optical gap microcrystalline (c)-Si: H materials on a low tem perature substrate at about 100K by the RF sputter ing in a pure hydrogen (H2) plasma2), 3) and found a red-color photoluminescence at room temperature. Furthermore, we also fabricated the Si-based alloys containing the Si microcrystals by an excimer laser (XeCl: 308nm) ablation in a low-pressure pure H2 gas at both about 100K and 300K.4) It is accepted that the Si-based microcrystals exists in the film fabricated by the plasma chemical vapor deposition (CVD)5) and the glow discharge method6) of SiH4 diluted in H2 or inert gas. An interesting property is also expected for the Si-based films fabricated by other methods, which can realize the non-equilibri um condition such as the deposition on a low sub strate temperature and/or in a reactive gas.
A plasma spraying method is a well-known tech nique, which is used for obtaining the reliable poly crystalline coating films of various metals, alloys, and ceramics for the purposes of protection from cor rosion, wear, and so on.7) Polycrystalline silicon (po ly-Si) films were also fabricated by this method, be cause of a high speed and a large area industrial fabri cation of the film. Especially, the low cost of the poly-Si film itself would reduce the cost of the devices such as solar cells. The electric conductivity, Hall mobility, photoconductivity, impurity analysis, and the microstructure of the plasma-sprayed poly Si films have already been investigated.8)-11) In all previous investigations, the spraying was done at an atmospheric pressure in air, and the substrate was heated or intentionally not cooled in order to fabri cate good poly-Si films. The existence of the microcrystals and the amorphous part in the films, however, has hardly been discussed in relation to the growth parameters.
In this paper, we fabricated the silicon-based films on the relatively low temperature substrate with and without water-cooling and by use of a low-pressure plasma spraying method, in order to realize the non equilibrium condition and to prevent both the molten silicon particles and the obtained films from the oxi dation. The relationship between the physical proper ties of the films and an H2 gas flow rate in the plasma gas was investigated. The effect of the structure on the characteristics of the films is also discussed on the basis of the obtained data.
Experimental
The schematic diagram of the low-pressure-plas ma spraying system is shown in Fig. 1 . It consists of a vacuum chamber, vacuum pumps (rotary pump and mechanical booster pump), a gas flow system, and a spray-gun system. An undoped single-crystal (100) Si and a polycrystalline Al2O3 were used as substrates. After setting the substrates, the chamber was evacuated to less than 510-2Torr.
Then, the mixture of Ar+H2 gas was introduced to the cham ber, and the gas pressure was maintained at 50Torr by controlling the conductance valve. The flow rate of Ar gas was held constant at 44l/min, and that of H2 gas was varied from 0 to 44l/min. The distance between the torch and the substrate was 25cm. The substrate was water-cooled or not water-cooled in order to investigate the effect of substrate tempera ture on the characteristics of the films. The tempera ture of the substrate with water-cooling was about 300K, and that without water-cooling is estimated to be about 500K. A commercially available plasma torch (METCO 7MB) was used, in which an electric discharge was generated between the tungusten and the copper electrodes in the presence of the mix tured gas. Si powder was transported by the Ar gas to the plasma flame. The purity and the size of the Si powder were 99.99% and less than 200 mesh (less than 74m),
respectively. The DC current applied to the electrodes was kept constant at 500A, and the DC voltage increased from 45 to 70V with increas ing the H2 gas flow rate. The revolution speed of the substrate holder, the pitch of the torch movement, and the number of times of the movement were 45 m/min, 3mm, and twice, respectively. The effective growth rate was about 0.5-2m/min, and the thick ness of the prepared films was about 5-20m.
The obtained films were investigated by an X-ray diffrac tion measurement (XRD) and a scanning electron microscopy (SEM). A Raman scattering spec troscopy was also performed in order to examine the size of an amorphous and/or microcrystalline part. In the Raman spectrometer (JASCO; NR-1000), an argon ion laser (514.5nm line) was used as a light source, and its power was 100mW.
The 
Results and discusion
The color of the obtained films changed by the growth condition. When an H2 gas was not in troduced to the plasma, the color was gray like a sili con crystal, but it changed to light brown with in creasing the H2 gas flow rate and/or with decreasing the substrate temperature. Therefore, the physical properties of the films also seem to change by the growth conditions. Figure 2 shows the SEM image of the film pre pared on the Si substrate without water-cooling. The surface is very porous, and the grain size is about several micrometers. The porosity and the surface roughness of the films seem to be independent of the growth conditions, such as the substrate tempera ture. the H2 gas flow rate, and the substrate material. 8l/min-mixtured gas without water-cool ing. Fig. 3 . XRD pattern for the same film as that shown in Fig. 2 . Figure 3 shows the XRD pattern of the same film as that shown in Fig. 2 . The diffraction peaks cor responding to Si (111), (220), and (311) lattice planes are observed, and the same peaks are also ob served in the films prepared by other growth condi tions. The XRD pattern shows that the film consists mostly of crystalline silicon. The broadness of the diffraction peaks shows that smaller-sized silicon crystallites exist. The size of the crystallites was cal culated from the full-width at half maximum (FWHM) of the Si (111) diffraction peak using the Scherrer's formula. As a result, the size was estimat ed to be about 45nm and independent of the sub strate temperature and the H2 gas flow rate during the growth. The existence of broad tails beside the peaks shows that the seriously smaller microcrystal line Si also contains. Figure 4 shows the Raman spectra of the films pre pared on an Si substrate without water-cooling at various H2 gas flow rates. For the comparison, the Raman spectra of the Si substrate and the source Si powder are also shown in the same figure. These Ra man scattering data show that the FWHM as well as the shape of the peak near 520cm-1, which is consi dered to correspond to the Si-Si vibration, change with a change in the growth condition. The FWHMs of the 520cm-1 peak for the Si substrate and the Si powder are about 3.0cm-1 and 12.3cm-1, respec tively. As the Si powder was ground mechanically and sieved for a long time, the FWHM became broaden, probably due to the appearance of small crystallites and/or some defects. The FWHM values of the plasma-sprayed films were between those of the Si substrate and the source Si powder, and became slightly large with increasing the H2 gas flow rate. It is generally accepted that the FWHM of the Raman peak drastically increases, when the microcrystal size becomes less than a several tens of nm.12) Therefore, the size of the microcrystalline Si in the film is considered to decrease slightly with an increase in the H2 gas flow rate. The shape of the 520cm-1 peak is asymmetric, and it has a tail in the lower wavenumber side with increasing the 2 gas flow rate. The Raman peak for the amorphous sili con film has been reported to appear at about 480 cm-1 by Veprek et al. 12 In the film prepared at the H2 gas flow rate as high as 44/m, the tail is also observed at about 480cm-1. This suggests the exis tence of a small amount of amorphous silicon, and its content increases with increasing the H2 gas flow rate. For the films prepared with water-cooling, the similar relation between the FWHM and H2 gas flow rate was also observed. Fig. 4 . Raman spectra of the plasma-sprayed silicon-based films prepared without water-cooling at various H gas flow rates be tween 0 and 44l/min ((a)-(c)).
For the comparison, the spectra for the single-crystal (100) Si substrate (d) and the source Si pow der (e) are also shown. Fig. 5 . Relation between the full-width at half maximum (FWHM) of the 520cm-1 Raman peak and the H2 gas flow rate during the deposition.
indicates for the films prepared without water-cooling, and indicates for those prepared with water-cool ing. Figure 5 shows the relation between the FWHM of the 520cm-1 Raman peak and the H2 gas flow rate during the deposition. The FWHMs of the films prepared with water-cooling are larger than those of the films prepared without water-cooling, and slight ly increase with an increase in the H2 gas flow rate. Therefore, it is considered that the size of the microcrystalline Si in the films prepared with water cooling is smaller than that without water-cooling. Alaee et al. measured the electron diffraction of the Si film prepared by the plasma-spraying method in the atmosphere, and found very diffuse diffraction patterns.
Safai and Herman reported that some regions of the plasma-sprayed Si particles had an amorphous characteristics.13) The existence of micro crystalline Si and the suggestion of an amorphous region in our films are similar to the results of the at mospheric-sprayed Si films prepared by Alaee et al. and Safai et al. The hydrogen content in the present films was measured by an infrared spectroscopy. As a result, the absorption peak concerning the Si-H bond was not detected, even for the film prepared with an H2 gas flow rate as high as 44/m.
The rea son is that a critical amount of hydrogen atoms is needed to exhibit a distinct absorption peak, as reported for the a-Si:H:F alloy.14) That is, the H2 content in our specimens is less than the detection limit by an infrared spectroscopy. Figure 6 shows the relation between the electric conductivity of the films prepared with and without water-cooling and the H2 gas flow rate during the deposition. The films were prepared on polycrystal line A23 substrates. The error bar indicates the dis persion of the experimental values for the several specimens. Although the dispersion is large, the con ductivity value for the films prepared with water cooling seems to be smaller than that for the films prepared without water-cooling, and tends to decrease with increasing the H2 gas flow rate. In the poly-Si intra-grains, the charge carriers transport ac cording to the semiconductor band theory. A hop ping conduction may be dominant at inter-grain boundaries in these films. The conductivity value of the present films was smaller by several orders of magnitude than that of the conventional poly-Si film because of a porous character. Because the size of the microcrystalline Si decreases with decreasing the substrate temperature as shown in Fig. 5 , the decrease in the electric conductivity of the films pre pared with water-cooling can be explained by an in crease in the inter-grain resistance. The electric con ductivity of the high H2 flow rate films prepared without water-cooling is not much reduced, because the hydrogen atoms are not well introduced at a high substrate temperature of about 500K (see the ex perimental procedure stated in the Chapter 2). Therefore, it is concluded that the structure as well as the electric conductivity depend on the substrate temperature during the deposition, which affects the size of the microcrystalline Si in the film. The con ductivity also weakly depends on the H2 gas flow rate, particularly for the films prepared with water cooling. 
